Abstract-We evaluate the performance of recently proposed dynamic frequency hopping (DFH) when applied to cellular systems with a limited total bandwidth. We also illustrate a practical implementation for DFH deployment using network-assisted resource allocation (NARA). The performance evaluation is accomplished by system-level simulations of a system with 12 carriers and 1/1 frequency reuse, based on the EDGE-Compact specification. Voice-only circuit-switched operation is assumed. Fading channel, multicell interference, voice activity, and antenna sectorization are modeled. We present the performance of dynamic frequency hopping compared to random frequency hopping and fixed channel assignment by showing distributions of word error rates. Sensitivity to occupancy, Rayleigh fading assumptions, number of carriers, voice activity, and measurement errors are studied. We also compare the uplink and downlink performance. The results indicate that DFH can significantly improve the performance compared to random frequency hopping. For example, at a 2% frame error rate with 90% coverage, the capacity improvement of DFH is almost 100% when compared with fixed channel assignment, and about 50% when compared to random frequency hopping. The amount of improvement for the uplink direction is smaller than the improvement for the downlink direction, especially for higher occupancies.
I. INTRODUCTION
C ELLULAR systems require large quantities of generally scarce and increasingly expensive spectrum, so achieving high spectral efficiency is crucial to their economic viability. Recent advances in signal processing and digital communications offer new directions for pursuing higher spectral efficiency-such as spatial diversity by exploiting multiple antennas and statistical multiplexing through packet switching. Frequency hopping [1] , which is the focus of this paper, is another important and not fully exploited technique for improving system capacity.
Frequency hopping has been utilized in GSM for improving system capacity [2] , [3] . GSM uses random or cyclical frequency hopping (FH). Random frequency hopping (RFH), in combination with channel coding and interleaving, provides the benefits of frequency diversity and interference averaging. Capacity improvements obtained by RFH in GSM are in the range of 30%-100%. Recent theoretical and simulation studies indicate that significant performance improvements can be obtained by taking advantage of the combination of frequency hopping and interference avoidance techniques called dynamic frequency hopping (DFH) [4] . The key concept of DFH is to adjust or build frequency hopping patterns based on interference measurements and calculations, in order to avoid dominant interferers. Direct implementation of DFH (measurement-based DFH) requires rapid signal quality and path loss measurements, significant signaling overhead, and synchronization between base stations. However, network-assisted resource allocation simplifies DFH deployment significantly and thereby makes it feasible.
Recent developments in the evolution of time division multiple access (TDMA) systems for providing high-speed data, called EDGE [5] , [6] , take into account the fact that system operators may initially deploy EDGE in small portions of bandwidth, borrowed from frequencies currently used for cellular voice services. The activities pursued in the standardization bodies 3G.IP, 3GPP, and 3GPP2 related to EDGE are working to define voiceover-IP over EDGE. This is motivated by the desire of service providers to deploy an all-IP network infrastructure. Initially, voice-over-IP over EDGE will probably be deployed within a limited amount of spectrum. For example, EDGE-Compact is envisioned as a 2 1-MHz-wide data system at initial deployment to support best-effort packet data services, and the typical bandwidth required for the additional deployment of voiceover-IP over EDGE may be about 2 2.4 MHz.
The developments described above provide motivation to study the use of dynamic frequency hopping in future cellular systems. This paper is an extension of the recently published fundamental work on dynamic frequency hopping [4] and it focuses on practical issues surrounding the DFH concept. Two practical aspects are of particular interest: the performance of DFH when deployed in limited system bandwidth and the feasibility of DFH deployment. Changes required for evolving GSM and GPRS into EDGE are significant, and for the EDGE-Compact include system-wide base station frame synchronization. Coincidentally, these changes are also crucial for DFH implementation. With additions to the system that would support intercell communications, it will be possible to incorporate DFH into evolving standards and thereby provide higher spectral efficiencies to future systems. The work presented in this paper presents results indicating that DFH can be successfully implemented in limited-bandwidth cellular systems. A cellular system simulation was implemented that provides the ability to compare the performance of fixed channel assignment, random frequency hopping, and dynamic frequency hopping cellular systems in limited portions of bandwidth. The comparison is done on the basis of cumulative distribution functions (CDFs) indicating the achievable word error rates (WERs) as a function of channel conditions, loading, total number of frequencies, and other factors. The use of network-assisted resource allocation for practical DFH deployment is presented through the architectural description of the system.
In Section II, we review the concept of DFH. Section III describes the system and the simulation model. Section IV presents the performance results. Section V addresses the issues of DFH implementation based on network-assisted resource allocation, and Section VI is the conclusion.
II. DYNAMIC FREQUENCY HOPPING
Conventional frequency hopping [2] , [3] includes random and cyclical frequency hopping and is a means of implementing frequency diversity and interference averaging. It is suitable for providing robust communications links in frequency selective and interference limited channels. Random FH is fairly simple to implement, and it is the most prevalent frequency hopping technique in commercial communications systems. Recent studies indicate that the implementation of interference avoidance can bring significant capacity improvements in generic cellular systems with frequency reuse one. We have proposed a means of implementing interference avoidance by dynamic frequency hopping [4] , [7] - [9] . The objective is to achieve capacity gains through interference avoidance that are larger than those provided by conventional frequency hopping, while retaining interference averaging characteristics of conventional frequency hopping to provide robustness to rapid changes in interference.
Dynamic frequency hopping is a combination of dynamic channel assignment (DCA), where a channel is one frequency in a frequency hop pattern, and traditional frequency hopping. In DFH, frequency hop patterns are continuously modified for every link in a cellular system. Modifications are driven by rapid measurements of the quality of frequencies used in a system by all mobiles and base stations, with the goal of tracking the dynamic behavior of the channel quality and of interference, and of avoiding strong interferers. Frequency hop pattern modifications can also be based on the fixed wireless network calculating interference levels based on knowledge of path losses and channel occupancy, which we refer to as network-assisted resource management of the DFH-based system.
The form of DFH that achieves the best performance is full replacement DFH, since it allows for changes of all frequencies in a pattern to frequencies of better quality, provided that they are available. This is the most complex form of DFH that, when relying on the measurement-based approach, requires substantial amounts of signaling overhead for communicating from a base station to its mobiles what frequency hop patterns need to be used in the ensuing time period. Reduced complexity schemes have been also proposed, which reduce measurement requirements and signaling overhead. For example, the system might restrict hopping pattern changes to changing only one hop at a time, or the system might predefine a set of hopping patterns and restrict changes to one of those hopping patterns [7] .
For a cellular system downlink, an ideal DFH scheme that relies on the measurement-based approach, consists of the following processes.
• Each mobile continuously measures the quality of all channels available in the system (signal strength, interference, SIR, or other criteria).
• The measurements are communicated over the air to the controlling base station.
• The base station collects measurements from all of its mobiles.
• Based on the measurements, the base station periodically updates frequency hop patterns such that the overall performance is optimized.
• The base station sends information to each individual mobile informing it of the frequency hop pattern that will be used in the ensuing time period. Similar processes run for the cellular uplink. This paper studies full replacement DFH, whereas less complex implementations of DFH have been studied in [7] .
III. WIRELESS SYSTEM MODEL
We have modeled a cellular system that is similar to the EDGE-compact system, which is currently being defined in standardization bodies, including ETSI, 3GPP, and UWCC. The simulations presented in this paper assume circuit-switched voice. Some details of the simulated system are taken from [10] . The simulations are done both for the uplink and downlink.
Most of the simulations for frequency hopping are done for a system with 12 carriers and frequency reuse 1/1, with threesector antenna sectorization 1 . Baseline studies are done with a system that supports fixed channel assignment with 4/12 frequency reuse. There are 16 base stations in a system, and a wraparound technique is used to emulate a large system. Hexagonal cells are used, and an irregularly shaped reuse simulation pattern has been devised to properly model reuse 4/12, as shown in Fig. 1 . Frequency hop patterns for all users within a single base station (all three sectors) are orthogonal. In our simulations, base stations are synchronized to support staggered frame frequency hop pattern assignment. The staggered frame concept prevents base stations from assigning at the same time the same good frequencies for future FH patterns of their users. Such simultaneous assignment could worsen the performance of the system, rather than enhancing it. There exists no intracell interference, and intercell interference appears randomized for this model.
In a cellular system, the staggered frame concept would work in the following fashion: 1) base stations are frame and superframe synchronized; 2) control reuse pattern is defined in time, according to which only one base station is allowed to change frequency hop patterns for the duration of one frame; and 3) all base stations get an opportunity to modify frequency hop patterns of their mobiles once per superframe. The term "staggered" is chosen because for individual base stations, the opportunity to execute modification is staggered in time. Token passing would be an equally appropriate term. The staggered frame concept is emulated in the simulations, the results of which we show in Section IV.
The framing and physical layer structure assumed in our work is similar to the one presented in the work by Ericsson [10] , with some changes: 1) channel coding is Reed-Solomon, where one speech frame is interleaved over six bursts; 2) one Reed-Solomon codeword contains 12 symbols; 3) frequency hopping is performed on a slot by slot basis, so two code symbols are carried over the same slot and frequency; and 4) the channel decoder can correct no more than two pairs of symbols in outage-three or more bursts with poor qualities result in a speech frame in error. Simulations are single-slot, thereby no advantage is taken of the time domain for interference avoidance. We assume dual-antenna diversity.
In a contemporary cellular system, it is a common practice to use convolutional codes, rather than block codes that Reed-Solomon codes belong to. Though some authors consider block codes for actual system use [10] , their decoding complexity is often cited as being a problem for the deployment. Here, we use Reed-Solomon codes for system evaluation purposes-namely for the fact that when one only wants to identify if a codeword is in error or not (rather than decode the data), it is enough to count the number of code symbols in error (in a codeword) and to know the correcting ability of the code. In our work, we use Reed-Solomon codes that encode one frame of data with one codeword that consists of 12 code symbols. Reference [10] explains how this arrangement, after interleaving, fits into the current GSM frame and slot structure. The code can correct for four or fewer symbols in error. Since we have six FH hops per frame, two symbols are carried by a single hop (frequency). When the quality of one frequency is below a given threshold, two symbols are in error. The frame is in error if more than four symbols are in error. To accumulate the WER value, we need to count the number of codewords in error. By doing so, we evade the need for link layer performance curves most often used in system-level simulations.
We model path attenuation with an exponential factor of 3.7 and median path gain of 129 dB at one kilometer, lognormal shadowing with 8-dB standard deviation, and Rayleigh fading. We simulate two cases: one in which the Rayleigh fading is fully correlated from slot to slot, and the other where fading is fully uncorrelated from slot to slot. For the diversity benefit, full decorrelation is assumed at the two antennas. The full correlation case is useful for cellular systems with small total spectrum. The coherence bandwidth for realistic urban multipath channels may be around 1 or 2 MHz, which may be the total bandwidth allocated to EDGE-Compact, and which would cause partially correlated Rayleigh fading on all frequencies. Power control is not used in the presented simulations. Voice activity is simulated, with 50% activity and with uncorrelated positioning of slots that carry speech (continuous voice spurts are not modeled). Loading/occupancy for all base stations is assumed to be the same on average and fixed for any particular simulation scenario. Loading (occupancy) is expressed as the number of users on a call at a particular time. In the presence of voice activity, only 50% of users may actually transmit at any instant of time, thereby contributing to the overall interference in the system.
In the simulations, it is assumed that in every sector of a base station, frequency hopping can be done over all carriers available to a base station, regardless of the fact that antenna sectorization is used. On the other hand, the calculation of interference seen at receivers takes sectorization into account. Although this methodology requires more hardware for narrow-band implementations of base station radios than alternatives, it brings some performance advantages. Performance improvement, coupled with the fact that wide-band radios are the way of the future, supports arguments for pursuing this methodology.
System simulation parameters are summarized in Table I .
The first step in a simulation consists of geographically positioning every mobile within the cellular system. Propagation attenuation and shadowing are calculated for all possible base-station/mobile links. Next, frequency-hop allocations are made. Initially, they are random. For random hopping, they remain random throughout the simulation. For dynamic frequency hopping, FH patterns are reallocated independently by each base station. The simulation is static, from the point of view of frequency pattern allocation: the next frequency hop pattern allocation does not depend on the previous adjustment, but is done starting from randomly assigned patterns. Next, many independent Rayleigh fading experiments are run for each mobile and the number of outages that occur per frame for one user is counted. The result of one simulation is a cumulative distribution function of the link WER, obtained across all base stations for all mobiles.
A conceptual representation of the methodology for assigning new frequency hop patterns to mobile stations, according to the ideal full-replacement dynamic frequency hopping, is illustrated by the pseudocode below. Simulation results in Section IV assume that FH pattern modification can be done once per frame. Lower complexity DFH methods put further constraints in the flow of assignment, two examples being that in a single instant (frame), only one frequency could be modified or that no changes in the frequency hop pattern are done if the quality of currently used frequencies is acceptable. The simulation study whose results are illustrated in Section IV disregards latencies in measurements and pattern assignments as well as signaling overhead. However, we have also built a full-fledged time-driven multislot EDGE system simulator and experimented with DFH when latencies and overhead are taken into account [15] . There, the measurements are replaced by interbase station communication and interference computation. The idealized performance of that, practically more realizable DFH method, is well represented by the curves in this paper. The DFH method used in that study is further clarified in Section V.
The frequency quality criterion used in the simulations is signal to interference ratio (SIR). Thermal noise is ignored. The signal to interference ratio (SIR) threshold to consider a symbol as affected by error is set to 4 dB, a number appropriate when Rayleigh fading is included in simulations 2 [10] . No more than 1000 Rayleigh-varied experiments are run for each mobile, which implies that a reliable estimate of the WER at around 0.01 can be made. Since the simulations have been run to establish the performance achievable with single slot operation, a conservative estimate of the effective bits/second/Hertz performance can be obtained by multiplication with the factor of 8 (eight slots per frame).
IV. SIMULATION RESULTS
The primary goal of the simulation study is to establish relative performance improvements of dynamic frequency hopping when compared to random frequency hopping and fixed channel assignment. The techniques are compared by observing cumulative distribution functions (CDFs) of WER obtained for a large number of users in a cellular system. WER is the most appropriate measure of the link performance in speech cellular systems, since the performance of voice coders is best described by frame error rates (in this case the word and the frame are the same). Whereas fixed channel assignment is studied for frequency reuse 4/12, FH techniques are studied for reuse 1/1 with three-sector antenna sectorization. As a criterion of satisfactory service for a cellular system, we choose a point for which 90% of mobile users have WERs smaller than 0.02 [11] . In Fig. 3 below, this point is the lower right edge of a rectangle. All CDF curves with any portion passing through this rectangle correspond to a cellular system that meets the prescribed performance requirements. Fig. 2 illustrates several points. One curve shows the performance of a 12-carrier system that uses fixed channel alloca- tion with frequency reuse 4/12, for a fully loaded system (three users per slot per base station 3 ). The curve passes through the satisfactory-performance rectangle. Existing GSM systems deployed with 12 carriers would have similar performance. Another curve illustrates the performance of random frequency hopping for frequency reuse 1/1 and for four users per base station (loading of 33%). We observe that random frequency hopping improves the capacity about 30%. A system using dynamic frequency hopping can serve as many as six users per base station (50% loading) and achieve similar performance. Capacity improvement of DFH is thereby about 100% when compared to fixed channel assignment.
A. Comparison of Channel Assignment Techniques for Fixed Performance Point

B. Performance as a Function of Occupancy
Figs. 3 and 4 show the performance of dynamic frequency hopping and random frequency hopping as a function of occupancy. One can observe that the interference avoidance benefit of DFH brings improved performance over random frequency hopping consistently for each occupancy level.
C. Sensitivity to the Number of Carriers
To benefit from the interference avoidance feature of the dynamic frequency hopping, there must be a sufficiently large set of unused channels available for frequency reassignments while executing frequency hop pattern modifications. This is equivalent to saying that the DFH requires that the burst occupancy should never be too high. Intuitively, one expects that the larger the number of nonused frequencies is, the better the performance will be. Consequently, it is expected that systems with smaller total bandwidth (total number of carriers) will achieve lower spectral efficiency. Fig. 5 shows the performance of three dynamic frequency hopping systems with equal loading (occupancy) of 50%, but with different total number of carriers. A negligible difference in performance is observed. This is important since, in certain deployment scenarios, cellular opera- tors have significant interest in using only a limited portion of their full spectrum. From other simulations, we have observed that the sensitivity to the number of carriers is more visible in random FH cases, where the performance for four carriers is a bit worse than the performance with six and 12 carriers for loading of 25%.
D. Effects of Voice Activity
For interference dominated systems, such as systems with frequency hopping and with aggressive frequency reuse, the role of voice activity is important. The implementation of discontinuous transmission (DTX) to exploit voice activity results in direct interference reduction, and thereby in capacity improvement. Figs. 6 and 7 illustrate the benefits of voice activity for different systems. We observe that all considered systems display nonnegligible performance degradation in the absence of voice-activity-driven discontinuous transmission (DTX). The capacity of the DFH system for satisfactory performance falls from six to four users, while the capacity of the fixed assignment system falls from three to two. In both cases, DFH offers 100% improvement in capacity.
E. Effects of Correlated Rayleigh Fading
Deployment of new techniques will initially be done in small portions of bandwidth. A significant portion of the frequency hopping advantage comes from frequency diversity. Frequency diversity can only be achieved if the coherence bandwidth of the channel under consideration is smaller than the total bandwidth assigned for hopping. Fig. 8 shows the sensitivity of FH to the correlation between frequencies used in a single frequency hop pattern. The performance of all frequency hopping techniques degrades under correlated fading conditions. For random FH, three users can be served when the fading between frequencies is fully correlated. Under the same conditions of full correlation between carriers, DFH can no longer provide satisfactory service to six users per base station, but it provides satisfactory service to four users per base station.
F. Sensitivity to Measurement Errors
The operation of dynamic frequency hopping relies on frequency quality measurements. Measurement precision is driven by components used for signal strength measurement, filtering performed on measurements, and is heavily influenced by shadowing and Rayleigh fading variation. Mobile units at the boundaries between base stations are often exposed to conditions that result in significant errors in signal strength measurement. We present the sensitivity of DFH performance to the standard deviation of the measurement error in Fig. 9 . Signal strength measurement errors with standard deviation of as much as 6 dB cause only minor performance degradation. In [12] , we concluded that 4-dB standard deviation is achievable with well-designed filtering for averaging over Rayleigh fading, with the measurement rate of once every two seconds per carrier. This measurement rate is actually a relaxation of the requirements in IS-136 and GSM, which are specified to be higher than two measurements per second. The conclusion of the current paper is that DFH is very robust to measurement errors. 
G. Uplink Performance Versus Downlink Performance
Two of the main factors that contribute to the performance difference between the downlink and uplink are: 1) different geographical distribution and mobility of interferers and 2) presence of receiver antenna diversity on the uplink. On one hand, one can argue that strong base station interferers will be easy to avoid by means of DFH, and thereby improve the performance on the downlink. On the other hand, the antenna diversity helps the uplink performance. We have generated simulations to compare uplink and downlink under the same user distribution condition, the results of which are shown in Fig. 10 . One can observe that with lower loading, the performance is about equal on both links, and at the occupancy of six users per base station the downlink is much better than the uplink. Related simulations, not shown in the figures in this paper, show the following: 1) DFH helps the performance of downlink more than the performance of uplink and 2) DFH is less successful in improving the performance when there is significant correlation between hopping frequencies.
V. DFH IMPLEMENTATION VIA NETWORK-ASSISTED RESOURCE ALLOCATION
Two aspects of measurement-based DFH are demanding on cellular systems: 1) the need to perform rapid interference measurements at all relevant frequencies, both at the mobiles and at the base and 2) the signaling overhead required to communicate the measurement results to bases. As will be clear shortly, these requirements can be significantly reduced by using networkassisted resource allocation (NARA) [12] , [13] . NARA uses real-time interbase signaling for intercell interference management. It takes advantage of frame synchronization on a system level and provides functionality identical to that of the measurement-based DFH. Fig. 11 illustrates the structure of a system that utilizes NARA for downlink DFH management. Base-station-autonomous frequency hop pattern management is assumed in this paper although centralized management is also possible. The block diagram shows that each mobile continuously measures path losses (only) to all base stations in its neighborhood. These measurements are sent through a low-pass filter to average out instantaneous Rayleigh fading effects. Then, the mobile sends the measurements to its serving base station over the wireless link. The measurement reporting rate need not be very high, e.g., the rate used for Mobile Assisted Handoff would suffice.
Regarding the logic used to generate the hopping pattern, there exist several possibilities. We briefly outline one such procedure appropriate for a TDMA system: least-interference-based DFH with NARA (LI-DFH with NARA). In this description, a resource consists of a time slot and a frequency hopping pattern used in that slot.
Each terminal measures path losses to its neighboring bases and transmits this information to its serving base on a regular basis.
Each base communicates to several tiers of its neighbors the information about its own resource utilization: time slots, frequency hopping patterns, and power levels that are currently in use. Note that for this particular algorithm, it is not necessary for the bases to exchange any path-loss information of active links. Obviously, more complex algorithms could take advantage of this to improve the performance.
Based on the resource utilization information exchanged among bases and the path loss measurements reported by its terminals, the serving base calculates the interference level at each available resource, determines the least-interfered time slot and FH pattern pair, and assigns this to the terminal. Note that the hopping pattern used in this discussion is not a predefined sequence, but a sequence generated based on the interference level on each frequency at each hop.
This procedure applies to new and currently active users. The base continuously monitors each user's performance. If the performance degrades below a threshold, the user is reassigned another resource.
Effectively, the data is used by each base station to manage dynamic frequency hopping patterns and execute interference avoidance. Rapid measurements of all available frequencies at all available time slots are replaced by the computation of interference conditions by base stations. Variations of the above basic algorithm are possible, but are not detailed for brevity. A staggered-frame resource management can be used to avoid the problem of two nearby bases simultaneously choosing the same resource. Another variation, which permits an optimization of the overall system performance, is possible if the base stations exchange path loss information of active users in addition to the information on resource utilization [13] . Clearly, a centralized implementation of this is also possible, where a central controller has the access to all the measurement and assignment information, and can use them to optimize the overall performance.
Study of the performance of DFH with NARA, for a voice-over-IP over EDGE system in 7.2-MHz bandwidth and with both frequency and multi-time-slot resource availability, has been presented in [15] . The results indicate that DFH brings 100% capacity improvement compared to random frequency hopping.
A. Signaling Overhead
We discuss the signaling, both over the air, and among the bases, required for implementing LI-DFH with NARA for the system discussed in Section IV.
Signaling Over the Air: There are three types of messages that need to be transmitted for implementing downlink LI-DFH: a) path-loss measurements from each terminal to its serving base; b) resource (time-slot and FH pattern) assignment messages from the base to the terminal; and c) signal quality reports from the terminal to the base. We focus on the first two types of messages, as signal quality reports are necessary whether or not DFH is used.
The path loss (eight bits) between the terminal and a nearby sector may be measured from the received power of the control channel (e.g., BCCH) transmitted by the sector. Assume that each terminal measures and identifies (eight bits) six other sectors, and that these measurements are reported to the serving sector once every two seconds. Therefore, the information rate is bits/s/terminal. The resource assignment information consists of the time-slot (three bits), the four-dwell hopping pattern, a specific frequency (four bits) specified for each hop bits , and transmit power level (five bits). The simulations done on a full-fledged voice-over-IP over EDGE platform [15] show that resource (frequency hop or slot) assignment (deassignment) occurs on average on the order of once per second, without loss of performance for DFH. Therefore, the required information rate is bits/s/terminal. We conclude that the over-the-air signaling necessary for LI-DFH with NARA is quite minimal.
Interbase Signaling: For implementing LI-DFH with NARA, the resource assignment information needs to be broadcast to neighboring bases. Noting that 4/12 is the nominal reuse pattern used for GSM, and that a 1/3 reuse pattern has 12 cochannel sectors closer than a nearest 4/12 cochannel sector, it is reasonable to assume that this assignment information should be transmitted to 12 neighboring sectors. Thus, the effective interbase signaling rate is bits/s/terminal. Assuming the system can support 150 users/sector (see Fig. 3 ), this implies that for each three-sectored site, the average bit rate needed for intersite signaling is kb/s/site. This may be compared to the effective traffic capacity of the same site, which is Mb/s/site (assuming a 7.4-kb/s vocoder). Thus, the ratio of the extra signaling bandwidth to the traffic bandwidth is around 5%, which even after including some margin for message and protocol headers is still reasonable.
VI. CONCLUSION
We have presented the results of a simulation study into the performance of dynamic frequency hopping for a cellular system with a limited total bandwidth supporting 12 carriers and with frequency reuse 1/1 and three-sector antenna sectorization. For the assumptions in the paper, DFH brings about 100% increase in capacity over fixed channel allocation and 50% increase in capacity over random frequency hopping, when satisfactory performance is defined as 0.02 WER for 90% of users. Although the performance of various systems is sensitive to the number of available carriers, voice activity, and channel coherence bandwidth, the system using DFH offers the greatest overall robustness. DFH performs equally well for uplink and downlink. We have described DFH with network assisted resource allocation which allows for practical implementation of DFH in cellular systems.
